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Abstract 

One  of  the  major  challenges  for  implementation  of  solid  oxide  fuel  cells  (SOFCs)  is  the  development  of  suitable  sealant  materials  to  separate 
the  air  and  fuel.  Several  approaches  have  been  used  to  achieve  the  necessary  adherence,  mechanical  integrity  and  stability,  including  both 
rigid  seals  (no  applied  load  during  operation)  and  compressive  seals  (load  applied  to  seal  during  operation).  The  most  common  approach  is 
to  use  rigid  glass  or  glass-ceramic  seals,  the  properties  of  which  can  be  tailored  specifically  for  use  in  SOFCs  through  variation  of  the  glass 
composition.  However,  these  ceramic  materials  are  inherently  brittle,  so  metallic,  metallic-ceramic  and  ceramic-ceramic  composite  seals, 
in  both  the  rigid  and  compressive  configurations,  have  been  developed.  The  use  of  multiphase  seals  allows  for  improvement  in  factors,  such 
as  wettability,  compliance  at  interfaces  and  strain  relief,  to  improve  the  gas-tightness  and  stability  of  the  seal.  In  this  paper,  the  different 
approaches  for  developing  SOFC  sealants  are  reviewed. 
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1.  Introduction 

Planar  solid  oxide  fuel  cells  (SOFCs)  provide  higher 
power  density  than  tubular  SOFCs,  but  require  high- 
temperature  sealants,  which  are  not  needed  in  tubular  SOFCs 
[1-6].  The  seals  must  be  stable  in  a  wide  range  of  oxygen 
partial  pressure  (air  and  fuel)  and  be  chemically  compatible 
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with  other  fuel  cell  components,  while  minimizing  thermal 
stresses  during  high-temperature  operation,  and  thus  create  a 
major  challenge  in  the  development  of  planar  SOFCs  [7-9]. 
The  quality  of  the  seals  must  be  high,  since  even  small  leaks  in 
these  seals  can  affect  the  cell  potential  and  thus  degrade  per¬ 
formance  [10-11].  The  thermal  stresses  in  the  seal  increase 
with  heating  and  cooling  rate,  so  the  development  of  sealant 
materials  is  particularly  important  for  achieving  rapid  start¬ 
up  times  [12],  which  is  a  major  challenge  for  SOFCs  relative 
to  PEM  fuel  cells.  Sealant  development  is  additionally  com- 
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plicated  because  the  optimal  sealant  depends  on  the  materials 
used  for  the  other  fuel  cell  components,  such  as  the  intercon¬ 
nect  alloy  [13]. 

Both  rigid  and  compressive  seals  are  being  developed  for 
SOFCs.  A  major  advantage  of  compressive  seals  is  that  the 
seals  are  not  rigidly  fixed  to  the  other  SOFC  components,  so 
an  exact  match  of  thermal  expansion  is  not  required.  How¬ 
ever,  maintenance  of  a  gas-tight  seal  without  attaching  the 
components  requires  the  constant  application  of  pressure  dur¬ 
ing  operation.  Rigid  seals,  on  the  other  hand,  do  not  require 
this  applied  pressure,  but  have  more  stringent  requirements 
for  adherence,  cracking  and  thermal  expansion  matching. 

2.  Rigid  seals 

2.7.  Glass  and  glass-ceramic  sealants 

The  most  common  sealants  for  SOFCs  are  glass  or 
glass-ceramic  materials,  and  have  been  shown  to  operate  in 
fuel  cells  for  more  that  1000  h  with  no  significant  degradation 
[14].  Many  glasses  and  glass-ceramics  generally  used  for 
sealants  contain  alkali  metals  [15].  Although  some  alkali- 
metal  containing  glasses  have  been  used  for  sealants  in 
SOFCs,  they  are  generally  avoided  because  they  react  with 
other  fuel  cell  components  [16-18]  and  can  enhance  the 
volatility  of  chromium  [19,20],  which  can  lead  to  poisoning 
of  the  cathode.  For  SOFC  applications,  alkaline-earth-based 
glasses  are  more  commonly  used. 

Two  important  criteria  for  selection  of  a  suitable  glass 
sealant  are  the  glass  transition  temperature  (Tg)  and  the 
coefficient  of  thermal  expansion  (CTE).  The  glass  transi¬ 
tion  temperature  is  important  because  the  glass  must  flow 


sufficiently  to  provide  an  adequate  seal,  while  maintaining 
sufficient  rigidity  for  mechanical  integrity.  The  softening 
temperature  (Ts)  is  defined  by  the  viscosity,  and  is  thus 
a  more  direct  measurement  of  flow  characteristics  of  the 
glass.  However,  the  trends  in  Ts  typically  follow  those  for 
Tg,  which  is  easier  to  measure,  so  Tg  data  is  available  for  a 
wider  range  of  glass  compositions.  The  coefficient  of  ther¬ 
mal  expansion  must  match  other  cell  components,  such  as 
the  yttria- stabilized  zirconia  (YSZ)  electrolyte  and  the  inter¬ 
connect  material,  to  minimize  thermal  stresses.  The  target 
range  for  these  two  criteria  suggested  by  Geassee  et  al.  [21] 
is  shown  in  Fig.  1,  along  with  corresponding  values  for  glass 
and  glass-ceramic  materials  investigated  for  use  as  SOFC 
sealants  [18,21-28].  The  specific  compositions  that  satisfy 
both  criteria  are  listed  in  Table  1 .  Most  of  the  promising  com¬ 
positions  are  barium-containing  glass-ceramics,  which  have 
relatively  large  coefficients  of  thermal  expansion. 

Glass-ceramics  [29-31]  are  formed  by  the  deliberate 
and  controlled  crystallization  of  a  glass,  which  typically 
increases  the  strength  and  allows  for  control  of  the  properties 
through  control  of  the  amount  and  nature  of  the  crystalline 
phase(s).  In  the  case  of  barium-containing  glass-ceramics 
for  SOFCs,  the  crystallization  increases  thermal  expansion. 
For  example,  Fig.  2  shows  that  the  coefficients  of  thermal 
expansion  of  Ba0-Mg0-Si02  and  Ba0-Zn0-Si02  increase 
with  increasing  BaO  content  for  constant  Si02  contents 
[26].  This  increase  in  coefficient  of  thermal  expansion  is 
due  to  the  formation  of  barium  silicate  (BaSiC^),  which,  as 
shown  in  Table  2  [31-36],  has  a  large  coefficient  of  thermal 
expansion,  as  compared  to,  for  example,  enstatite  (MgSiOs). 
Barium  aluminosilicate  glass-ceramics  crystallize  to  form 
celsian  (BaA^S^Os)  in  addition  to,  or  instead  of,  barium 
silicate  [20,22,24,25,35].  The  two  common  forms  of  celsian, 
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Fig.  1.  Glass  transition  temperatures  ( Tg )  and  coefficients  of  thermal  expansion  (CTE)  for  SOFC  sealant  materials  [18,20-28].  The  broken  line  rectangle 
represents  target  range  suggested  by  Geasee  et  al.  [21]. 
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Table  1 


Glass  and  glass-ceramic  sealants  with  values  of  Tg  and  CTE  in  target  range 


Composition  (mole%) 

Properties 

Reference 

Si02 

B2O3 

AI2O3 

Alkaline-earth 

Other 

Tg  (°C) 

CTE  (°C_1  x  106) 

BaO/SrO 

CaO/MgO 

B  oroaluminosilicates 

30 

15 

10 

40  BaO 

5  La203 

667 

11.2 

[23] 

38 

13 

10 

35  BaO 

5  La203 

739 

10.6 

33 

17 

10 

35  BaO 

5  La203 

670 

10.8 

29 

21 

10 

35  BaO 

5  La203 

652 

11.1 

33 

17 

10 

35  BaO 

5  La203 

656 

11.1 

[24] 

30 

22 

10 

36  BaO 

2  Zr02 

614 

10.6 

34 

17 

10 

36  BaO 

2  NiO 

617 

11.5 

Borosilicates 

32 

2 

0 

40  BaO 

lOCaO 

16  unspecified 

660 

10.7 

[21] 

33 

3 

0 

40  BaO 

lOCaO 

14  unspecified 

662 

10.5 

31 

8 

0 

38  BaO 

15  CaO 

8  unspecified 

626 

11.3 

34 

8 

0 

42  BaO 

8  CaO 

8  unspecified 

623 

10.8 

30 

7 

0 

37  BaO 

16  CaO 

10  unspecified 

630 

11.4 

Aluminosilicate 

50 

0 

5 

45  BaO 

730 

10.7 

[25] 

Silicates 

35 

0 

0 

44  BaO 

11  CaO 

10  unspecified 

721 

10.6 

[21] 

50 

0 

0 

40  BaO 

lOMgO 

686 

12.0 

[26] 

50 

0 

0 

40  BaO 

lOZnO 

676 

10.7 

Borate 

8 

40 

7 

25  SrO 

20  La203 

760 

11.5 

[18] 

monoclinic  and  hexagonal,  have,  as  shown  in  Table  2,  very 
different  coefficients  of  thermal  expansion.  Hexacelsian 
provides  the  high  coefficient  of  thermal  expansion  needed 
for  SOFC  applications,  while  monocelsian  has  a  very  low 
coefficient  of  thermal  expansion.  For  some  compositions, 


silica  (quartz  or  cristobablite)  can  also  form  [37-39]. 
Cristobalite  is  particularly  problematic  due  to  a  displacive 
transformation  upon  cooling  with  an  associated  volume 
decrease,  which  can  cause  cracking  [38,39].  Strontium 
forms  solid  solutions  with  barium  in  the  celsian  crystal 


Fig.  2.  Effect  of  barium  on  the  coefficients  of  thermal  expansion  (CTE)  of  Ba0-Mg0-Si02  and  Ba0-Zn0-Si02  glasses  [26]. 
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Table  2 


Coefficients  of  thermal  expansion  of  crystalline  phases  formed  in  alkaline-earth  glass-ceramics 


System 

Phase 

CTE  (°C 1  x  106) 

Reference(s) 

Mg-Si-0 

Enstatite  (MgSiOs) 

7-9 

[31,32] 

Ca-Si-O 

Wollastonite  (CaSiOs) 

4-9 

[32-34] 

Calcium  orthosilicate  (Ca2Si04) 

10-14 

[32,33] 

Ba-Si-O 

Barium  silicate  (BaSiOs) 

9-13 

[33] 

Barium  orthosilicate  (BaSFOs) 

14 

[33] 

Ba-Ca-Si-0 

Barium  calcium  orthosilicate  (BasCaSFOs) 

12-14 

[33] 

Mg-Al-Si-O 

Cordierite  (JV^AFSisOis) 

1 

[31,32] 

Sr-Al-Si-0 

Hexacelsian  (SrAFSFOs) 

8-11 

[35,36] 

Monocelsian  (SrAFSFOs) 

3 

[35] 

Orthocelsian  (SrAFSFOs) 

5-8 

[35,36] 

Ba-Al-Si-O 

Hexacelsian  (BaAFSFOs) 

7-8 

[32,33,35] 

Monocelsian  (BaAFSFOs) 

2-3 

[32,33,35] 

Orthocelsian  (BaAFSFOs) 

5-7 

[35] 

structures  and  has  been  shown  to  stabilize  the  monocelsian 
phase  [35]. 

Other  alkaline-earth  oxides  do  not  dissolve  in  the  cel- 
sian  phase,  but  rather  form  other  phases.  Calcium  oxide  is 
often  added  to  form  barium-calcium  aluminosilicate  (BCAS) 
sealants,  in  which  case  an  additional  phase,  barium  calcium 
orthosilicate  phase  (BasCaS^Os),  with  a  desirably  large 
coefficient  of  thermal  expansion  (Table  2),  is  formed  dur¬ 
ing  crystallization  [25,33,40-42].  If  calcium  oxide  is  used 
without  barium  oxide,  however,  wollastonite  (CaSiOs)  with 
[20,22,43]  or  without  [34,44,45]  anorthite  (CaA^S^Os)  is 
formed.  The  addition  of  magnesium  oxide  to  barium  alumi¬ 
nosilicate  glass-ceramics  results  in  the  formation  of  enstatite 
(MgSiOs)  and  silica  along  with  celsian  [38,39].  There  is  a 
strong  tendency  for  celsian  formation  as  evidenced  by  the 
formation  of  celsian  with  only  3%  BaO  [39]  and  the  pres¬ 
ence  of  only  celsian  and  barium  silicate  in  a  glass  containing 
15%  MgO  [25].  Magnesium  aluminosilicates  without  barium 
oxide  form  cordierite  (Mg2Al4Si50is)  [20,22,46,47],  which, 
as  shown  in  Table  2,  has  a  very  low  coefficient  of  thermal 
expansion. 

While  the  particular  crystalline  phases  formed  in  a  glass- 
ceramic  are  critical  to  controlling  the  properties,  the  crystal¬ 
lization  kinetics  must  also  be  controlled.  The  crystallization 
of  barium  aluminosilicate  glasses  is  faster  than  that  of  the  cor¬ 
responding  calcium  and  magnesium  aluminosilicate  glasses 
[20,22,48].  The  lower  activation  energy  for  crystallization 
with  barium  as  the  network  modifier  has  been  attributed  to 
the  lower  field  strength  of  barium  as  compared  to  calcium  and 
magnesium.  Thus,  barium  aluminosilicate  glasses  crystallize 
more  fully  and  at  lower  temperatures  as  compared  to  those 
based  on  other  alkaline-earth  cations. 

When  using  a  glass-ceramic  as  a  sealant,  the  glass  should 
wet  the  surfaces  to  be  bonded  or  sinter  to  full  density  before 
crystallization,  which  decreases  the  viscosity  of  the  glass 
[16,43,44,50],  so  the  optimal  crystallization  rate  depends 
on  the  flow  characteristics  of  the  glass  [25,26].  If  crystal¬ 
lization  occurs  before  complete  wetting  or  sintering  occurs, 


poor  adherence  or  porosity  can  result.  Conversely,  insufficient 
crystallization  may  lead  to  inadequate  mechanical  proper¬ 
ties.  For  example,  increasing  the  length  of  the  crystallization 
treatment  has  been  shown  to  increase  the  rupture  strength  of 
a  ceramic-metal  joint  [49].  The  crystallization  kinetics  can 
be  controlled  with  the  addition  of  nucleating  agents.  Fig.  3 
shows  the  activation  energy  for  crystallization  of  magne¬ 
sium  aluminosilicates  with  some  common  nucleating  agents 
[20,22,46] .  The  high  activation  energy  for  crystallization  with 
nickel  and  Cr203  nucleating  agents  has  been  attributed  to  the 
more  covalent  (less  ionic)  nature  of  the  bonding,  which  also 
increases  the  glass  transition  temperatures  [51].  Control  of 
the  crystallization  also  includes  control  of  the  specific  phases 
formed.  For  example,  chromium  suppresses  the  formation 
of  cordierite  (Mg2Al4Si50is)  [22,51],  which  as  shown  in 
Table  2,  has  a  very  low  coefficient  of  thermal  expansion.  An 
important  distinction  among  the  elements  shown  in  Fig.  3 
is  that  nickel,  chromium  and  titanium  can  be  tetrahedrally 
coordinated  and  can  thus  act  as  network  formers,  whereas 
zirconia  is  only  stable  with  higher  coordination  numbers,  and 
thus  will  only  act  as  a  network  modifier  [51].  Another  differ¬ 
ence  between  titania  and  zirconia,  as  shown  in  Fig.  4,  is  that 
both  titania  and  zirconia  additions  lead  to  a  decrease  in  the 
coefficient  of  thermal  expansion  of  magnesium-  and  barium- 
based  glasses,  but,  while  titania  also  leads  to  a  decrease  in 
the  glass  transition  temperature,  zirconia  leads  to  an  increase 
in  the  glass  transition  temperature.  Zirconia  has  also  been 
shown  to  increase  the  softening  point  [24] . 

Boron  oxide  is  an  important  addition  to  silicate  glasses. 
Boron  oxide  is  most  commonly  added  to  decrease  the  vis¬ 
cosity  of  the  glass,  and  has  been  shown  to  decrease  the  soft¬ 
ening  point  [23,45]  and  glass  transition  temperature  (Fig.  5 

[18.21.23] )  of  SOFC  sealants.  Boron  oxide  also  increases 
the  coefficient  of  thermal  expansion,  as  shown  in  Fig.  6  for 
compositions  in  which  only  the  B203/Si02  ratio  is  changed 

[18.23] .  However,  the  effect  of  boron  oxide  on  the  coeffi¬ 
cient  of  thermal  expansion  is  overcome  by  other  alloying 
additions  for  more  complicated  compositions.  Fig.  7  shows 
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Fig.  3.  Activation  energy  for  crystallization  (E\)  in  glasses  containing  nucleating  agents  [20,22,46]. 


the  coefficients  of  thermal  expansion  for  some  of  the  same 
glasses  shown  in  Fig.  5.  While  boron  oxide  consistently  leads 
to  a  decrease  in  the  glass  transition  temperature  (Fig.  5),  the 
overall  increase  in  the  coefficient  of  thermal  expansion  is 
small  compared  to  the  variation  in  other  additions.  Fig.  7  also 
shows  the  effect  of  crystallization  on  the  coefficient  of  ther¬ 
mal  expansion.  The  coefficient  of  thermal  expansion  for  most 
of  the  glasses  increases  upon  crystallization.  The  exception 
to  this  trend  is  the  glass  containing  magnesium  oxide.  This 
trend  is  consistent  with  the  relative  coefficients  of  thermal 
expansion  for  barium-  and  magnesium-compounds  shown  in 


Table  2.  Boron  oxide  also  stabilizes  the  amorphous  structure 
as  shown  by  the  increase  in  activation  energy  for  crystalliza¬ 
tion  with  increasing  boron  content  (B/Al  ratio)  in  Fig.  3. 

Another  important  component  of  glass-ceramics  is  alu¬ 
minum,  which  can  have  tetrahedral  coordination  and  replace 
silicon  in  the  glass  network,  but  at  larger  concentrations  acts 
as  a  network  modifier  [30] .  This  dual  role  of  aluminum  has 
led  to  reports  of  aluminum  both  inhibiting  [17,18,50]  and 
enhancing  crystallization  [22] .  Aluminum  additions  have  also 
been  reported  to  inhibit  cristobalite  formation  [48],  which 
as  previously  mentioned  can  cause  cracking.  Other  impor- 


Fig.  4.  Effect  of  T1O2  and  ZrC>2  on  the  glass  transition  temperatures  (Tg)  and  coefficients  of  thermal  expansion  (CTE)  of  [20,22,24]  of  magnesium  (MgTi  or 
MgZr)  or  barium  (BaZr)  aluminosilicate  glass-ceramics. 
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Fig.  5.  Effect  of  B2O3  on  the  glass  transition  temperatures  (Tg)  of  silicate  glasses  [18,21,23]. 


tant  additions  to  glass-ceramics  include  zinc  or  lanthanum, 
which  are  used  to  control  the  viscosity  [17,1 8,50] .  Lanthanum 
additions  increase  both  the  softening  point  [18,24]  and  the 
coefficient  of  thermal  expansion  [21]. 

The  sealant  materials  must  be  chemically  compatible 
with  other  fuel  cell  components.  The  chemical  compati¬ 
bility  of  glass-ceramic  sealants  with  the  yttria- stabilized 
zirconia  electrolyte  is  generally  good.  Silicates  containing 
barium  [24,45,55],  calcium  [44,45,52-55]  and/or  magne¬ 
sium  [54,55]  have  been  reported  to  form  adherent  and  sta¬ 
ble  interfaces  with  yttria- stabilized  zirconia.  Reactions  are 
more  prevalent  with  the  interconnect  materials,  primarily 


due  to  chromium,  which  is  typically  present  in  both  ceramic 
and  metallic  interconnect  materials.  Of  the  commonly  used 
alkaline-earth  oxides,  silicates  containing  barium  oxide  are 
the  most  reactive  [20,21,48]  and  those  containing  magnesium 
oxide  are  the  most  adherent  [55].  The  interfaces  between 
silicates  containing  magnesium  or  calcium  and  chromium¬ 
forming  alloys  have  been  observed  to  contain  MgCr04  [39] 
or  Ca3Cr2Si208  [20,48,55],  respectively.  However,  the  reac¬ 
tion  is  more  extensive  in  barium-containing  silicates,  which, 
even  with  the  presence  of  calcium  in  barium  calcium  alu¬ 
minosilicates  [20,33,40,41,56-62],  form  BaCrCL.  Thus,  the 
improvements  in  thermal  expansion  matching  provided  by 


Fig.  6.  Effect  of  B2O3  on  the  coefficients  of  thermal  expansion  (CTE)  of  silicate  glasses  [18,23]. 
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Fig.  7.  Effect  of  B2O3  on  the  coefficients  of  thermal  expansion  (CTE)  of  silicate  glasses  [21]. 


barium  additions  are  balanced  with  increased  reaction  with 
the  interconnect  material.  Nonetheless,  barium  calcium  alu¬ 
minosilicates  have  been  used  successfully  in  operating  fuel 
cells  [63].  In  addition,  the  success  of  glass  sealants  has  led  to 
their  use  for  bonding  the  interconnects  to  the  frames  [64]. 

Although  silicates  are  the  most  common  ceramic  glass 
sealants,  other  systems  have  been  investigated.  For  exam¬ 
ple,  phosphate-based  systems  have  been  developed  [65-67]. 
These  glasses,  however,  typically  have  low  coefficients  of 
thermal  expansion.  Non-oxide  systems  synthesized  from 
polymer  precursors  have  been  developed  [68,69].  However, 
the  stability  of  such  systems  in  the  oxidizing  environment 
of  the  SOFC  cathode  creates  an  additional  challenge  to  their 
implementation. 

2.2.  Brazes 

The  other  approach  to  a  rigid  seal  is  a  metallic  braze. 
Metallic  materials  have  lower  stiffness  as  compared  to  ceram¬ 
ics  and  can  undergo  plastic  deformation,  both  of  which  allow 
for  accommodation  of  thermal  and  mechanical  stresses.  The 
sealant  is  exposed  to  air,  so  the  braze  materials  are  typ¬ 
ically  based  on  metals,  such  as  silver  and  gold,  that  are 
stable  in  air  [70-72].  A  major  challenge  in  obtaining  a  sound 
metal-ceramic  joint  is  adequate  wetting  of  the  ceramic  by 
the  braze  metal.  A  common  approach  to  overcoming  this 
challenge  is  the  addition  of  a  reactive  metal,  such  as  tita¬ 
nium,  which  will  reduce  the  oxide  and  promote  wetting.  An 
extreme  example  of  using  a  reaction  to  promote  bonding  is 
the  use  of  a  thermite  reaction  between  aluminum  and  nickel 
to  bond  Fecralloy  to  yttria-stabilized  zirconia  [73]. 

Another  approach  to  improving  the  wetting  characteristics 
of  the  braze  material  is  to  use  a  metal  +  oxide  mixture  that 


undergoes  an  oxide-containing  eutectic  reaction  in  air,  which 
improves  the  wettability  of  the  braze  alloy.  The  Ag-CuO 
system  contains  such  a  eutectic  [74,75]  and  has  been  used  to 
braze  alumina  [76]  and  perovskites  [77] .  Fig.  8  shows  the  con¬ 
tact  angle  for  Ag-CuO  mixtures  with  up  to  69  mole%  CuO  on 
various  SOFC  components:  a  yttria  (5%)-stabilized  zirconia 
(5YSZ)  electrolyte,  a  FeCrAlY  (Fe-22Cr-5Al-0.2Y)  inter¬ 
connect  and  a  LSCF-6428  (Lao^Sro^Coo^Feo.sOs-^)  cath¬ 
ode  [7 8-80] .  The  CuO  additions  are  effective  for  reducing  the 
contact  angle  on  all  materials  with  the  largest  decrease  occur¬ 
ring  in  the  first  10-20  mole%  CuO.  Fig.  9  shows  the  strength 
of  joints  formed  by  brazing  combinations  of  the  above  mate¬ 
rials  with  Ag-CuO  [79-80].  There  is  an  initial  increase  in 
strength  with  increasing  CuO  content,  which  peaks  at  around 
5-10  mole%  CuO  and  then  decreases.  The  technique  was  sub¬ 
sequently  applied  to  ferritic  stainless  steels,  including  both 
alumina-forming  [81]  and  chromia- forming  [82]  steels.  The 
latter  joints  [82]  were  exposed  to  750  °C  for  800  h  with  no 
degradation  in  strength.  The  joints  also  held  up  to  50  cycles 
to  750  °C  with  no  effect  on  failure  strength,  although  some 
delamination  of  the  braze- YSZ  joint  was  observed.  There 
was  also  evidence  of  hydrogen  dissolving  in  the  braze  mate¬ 
rial  and  reducing  the  CuO,  although  there  was  no  evidence 
that  this  adversely  affected  the  strength  of  the  joint. 


3.  Compressive  seals 

3.1.  Metallic  compressive  seals 

The  addition  of  compression  to  the  seal  allows  for  accom¬ 
modation  of  differential  thermal  expansion  between  compo¬ 
nents  and  can  close  small  gaps  to  reduce  leak  rates.  For  the 
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Fig.  8.  Wetting  angle  for  Ag-CuO  on  SOFC  electrolyte  (5YSZ)  [78,79],  interconnect  (FeCrAlY)  [78]  and  cathode  (LSCF)  [80]  materials. 


compression  to  be  effective,  however,  the  seal  must  deform 
in  response  to  the  applied  stress,  so  one  approach  is  to  use 
ductile  metals.  To  avoid  degradation  of  the  seal  from  the  for¬ 
mation  of  an  oxide  scale,  metals  which  do  not  form  solid 
oxides  in  air,  such  as  gold  [83-85]  or  silver  [84-87],  are 
used  for  metal  gaskets  in  SOFC  applications.  The  strength 
of  metals  for  metallic  seals  must  fall  into  a  critical  range. 
The  strength  can  be  too  high,  as  Duquette  and  Petrie  [86] 
found  that  sterling  silver,  with  7.5%  copper,  had  insufficient 
deformability  to  provide  an  adequate  seal.  On  the  other  hand, 
Chou  and  Stevenson  [87]  found  that  the  leak  rate  of  a  silver 
seal  degraded  with  thermal  cycling  due  to  cracking  along  the 
grain  boundaries.  In  addition,  Singh  et  al.  [88]  exposed  silver 


to  a  dual  atmosphere  with  air  on  one  side  and  hydrogen  on 
the  other.  The  solubility  of  both  oxygen  and  hydrogen  in  sil¬ 
ver  is  significant,  so  dissolved  oxygen  from  the  air  side  and 
dissolved  hydrogen  from  the  fuel  side  reacted  within  the  sil¬ 
ver  to  form  water  and  led  to  failure.  This  phenomenon  must 
be  fully  investigated  before  silver  can  be  used  as  a  sealant  in 
SOFC  applications. 

Another  approach  to  metallic  compressive  sealants  is 
to  use  deformable  shapes,  which  allows  for  the  use  of 
less-deformable  metals  [84,85].  For  example,  corrugated  or 
C-shaped  gaskets  fabricated  from  superalloys,  which  are 
designed  to  maintain  high-temperature  strength  and  oxida¬ 
tion  resistance,  can  maintain  a  seal  due  to  the  pressure  applied 
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at  the  interface  during  elastic  deformation  of  the  gasket.  The 
seal  from  these  deformable  gaskets  can  be  improved  by  coat¬ 
ing  the  surface  with  a  ductile  metal,  which  improves  the  gas- 
tightness  at  the  interface  with  a  rough  surface.  Deformable 
shapes  can  also  be  combined  with  rigid  seals  by  brazing  the 
gasket  to  the  electrolyte  and  interconnect,  in  which  case,  the 
rigid  seal  provides  the  primary  seal,  but  the  gasket  accom¬ 
modates  some  of  the  strain  and  thus  reduces  the  stress  in  the 
rigid  sealant  [89]. 

3.2.  Mica-based  compressive  seals 

Another  approach  to  compressive  seals  is  to  use  mica- 
based  materials  [84,87,90-98].  The  application  of  pressure 


to  the  overlapping  plate-like  mica  crystals  or  particles  can 
create  a  gas-tight  seal,  as  shown  schematically  in  Fig.  10a. 
In  such  a  seal,  the  largest  source  of  a  leak  is  typically  the 
interface  between  the  mica  and  the  metal  or  ceramic,  so  the 
seal  can  be  improved  through  the  application  of  a  compliant 
layer  (Fig.  10b),  such  as  a  metal  or  a  glass,  at  the  surface  of 
the  mica  layer,  to  form  what  is  referred  to  as  a  hybrid  seal. 
An  alternate  method  for  combining  mica  and  a  metal  is  to 
place  mica  powder  in  the  gaps  in  a  corrugated  metal  seal  as 
shown  schematically  in  Fig.  10c.  The  seal  can  be  improved 
further  yet,  by  infiltrating  the  mica  with  a  phase  to  improve  the 
sealing  between  adjacent  mica  particles.  The  performance  of 
mica  seals  are  compared  in  Fig.  11  [84,90-94],  which  shows 
the  leak  rate  as  a  function  of  applied  compressive  stress  on 


Mica 


Metal 


to 


Metal 


Corrugated 

FeCrAlY 


Mica 

powder 


Metal 


Fig.  10.  Mica  seals:  (a)  plain  mica  seal  [91,93],  (b)  hybrid  mica  seal  with  compliant  layer  (glass  or  metal)  [91,93],  (c)  mica  powder  with  corrugated  alloy  [92] 
and  (d)  hybrid  mica  seal  with  compliant  layer  and  infiltrated  mica  [94] . 
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Fig.  11.  Leak  rates  for  mica-based  seals  [84,90-94].  The  gas  pressure  difference  across  seal  is  50kPa  for  Bram  et  al.  [84,92]  and  14kPa  for  Chou  et  al. 
[90,91,93,94].  The  leak  rate  for  FeCrAlY  +  phlogopite  powder  is  at  the  measurable  detection  limit  and  thus  could  be  lower  as  indicated  by  the  arrow. 


the  joint.  One  difference  among  the  results  shown  in  Fig.  1 1  is 
that  the  gas  pressure  difference  across  the  seal  used  by  Bram 
et  al.  [84,92]  (50  kPa)  is  higher  than  that  used  by  Chou  et  al. 
[90,91,93,94]  (14kPa). 

The  two  types  of  mica  that  have  been  primarily  used  for 
SOFC  sealants  are  muscovite  (KAl2(AlSi30io)(F,  OFO2)  and 
phlogopite  (KMg3(AlSi30io)(OH)2).  The  most  significant 
physical  difference  between  the  two  phases  is  that  the  coef¬ 
ficient  of  thermal  expansion  of  phlogopite  is  higher  than  that 
of  muscovite  [95].  Two  forms  of  muscovite  mica  have  been 
tested.  One  is  a  cleaved  crystal  and  the  other  is  a  mica  paper. 
Phlogopite  has  been  used  only  in  the  paper  form.  The  results 
in  Fig.  1 1  show  that  the  cleaved  crystal  provides  a  better  seal 
than  the  two  papers,  but  the  type  of  mica  in  the  paper  does  not 
significantly  affect  the  seal  quality.  In  all  cases,  the  thick  lay¬ 
ers  performed  better  than  thin  layers,  although  the  effect  of 
thickness  was  much  greater  for  the  cleaved  crystal.  The  mica 
layer  used  by  Bram  et  al.  [84,92]  was  a  commercial  mate¬ 
rial,  Thermiculite  815™  (Flexitallic,  Houston,  TX),  which 
is  vermiculite  mica  with  a  stainless  steel  inlay. 

The  use  of  compliant  interlayers  decreases  the  leak  rate 
in  all  cases.  The  glass  is  more  effective  than  the  silver  for  all 
materials,  and  the  cleaved  crystals  always  provide  the  best 
seals.  The  thickness  of  the  glass  compliant  layer  is  not  sig¬ 
nificant  (for  the  thicknesses  used),  but  with  the  cleaved  crystal 
the  125  p,m  silver  layer  is  more  effective  than  the  25  jam 
silver  layer.  The  mica  powder  with  FeCrAlY  is  in  the  geom¬ 
etry  shown  schematically  in  Fig.  10c.  The  leak  rate  shown  in 
Fig.  1 1  for  this  seal  is  at  the  detectable  limit  for  the  exper¬ 
imental  apparatus  and  thus  could  be  lower  than  that  shown 
in  the  graph  (as  indicated  by  the  arrow).  The  Bi(N03)3  infil¬ 


trate  significantly  improves  the  effectiveness  of  phlogopite 
paper  (with  the  glass  compliant  layer).  Although,  the  initial 
leak  rate  is  not  improved  with  the  H3BO3  infiltrate,  the  leak 
rate  decreases  with  time,  so  there  is  a  long-term  benefit  from 
the  infiltration.  The  leak  rates  for  the  infiltrated  paper  hybrid 
seal  (glass)  approach  those  of  the  cleaved  crystal  hybrid  seal 
(glass),  which  are  the  lowest  leak  rates  measured. 

The  performance  of  mica-based  seals  with  thermal  cycling 
and  with  high-temperature  exposure  has  been  evaluated. 
Thermal  cycling  does  not  significantly  affect  the  leak  rate 
of  seals  based  on  phlogopite  paper  [95],  but  does  increase 
the  leak  rates  for  seals  based  on  cleaved  muscovite  crystals 
(plain  and  hybrid)  [96].  The  leak  rates  of  the  silver-mica 
hybrid  seals  increase  and  then  level  off  with  cycling  [87], 
while  the  leak  rates  for  infiltrated  mica  are  either  unaf¬ 
fected  (Bi(NC>3)3)or  decrease  (H3BO3)  with  cycling  [94]. 
The  degradation  of  mica-based  seals  at  800  °C  is  generally 
minimal  [95,97].  However,  reaction  of  steel  with  Bi203  in 
Bi(NC>3)3  -infiltrated  mica  [94]  and  an  increase  in  leak  rate 
with  silver-mica  hybrid  seals  [97]  have  been  observed. 

With  the  application  of  a  glass  compliant  layer  and 
infiltration  of  a  glass  into  a  mica  paper,  the  resulting 
material  begins  to  look  very  much  like  a  glass-ceramic. 
Mica-based  glass-ceramics  are  available  and  have  been  used 
as  sealants  for  SOFCs.  The  glass  transition  temperatures 
and  coefficients  of  thermal  expansion  of  a  few  example 
mica-based  glass-ceramics  [27,28]  are  shown  in  Fig.  1.  One 
of  these  commercial  ceramics,  MACOR®  (Corning,  NY), 
has  been  used  successfully  to  bond  (without  compression)  a 
yttria-stabilized  zirconia  electrolyte  to  both  metallic  (ferritic 
stainless  steel)  [99]  and  ceramic  (Lao.sCao.22Cr03)  [27,28] 
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interconnect  materials.  However,  the  MACOR®  sealant 
bonded  to  the  ferritic  stainless  steel  interconnect  became 
discolored  when  exposed  to  hydrogen  at  900  °C  [99]  and 
reacted  with  the  lanthanum  chromite  interconnect  at  temper¬ 
atures  of  1000  °C  and  higher  [27,28].  No  such  reaction  has 
been  reported  for  compressive  mica  seals  at  700-800  °C. 
This  could  be  due  to  the  lower  temperature  or  to  the  absence 
of  the  potassium-containing  glass,  which  is  present  in 
MACOR®  [27,28].  Both  muscovite  and  phlogopite  contain 
potassium,  but  the  potassium  in  the  mica  structure  is  likely 
less  reactive  than  that  in  the  glass  matrix.  Nonetheless,  there 
are  reports  of  alkali-free  mica  glass-ceramics  [31,100],  so  if 
subsequent  long-term  testing  indicates  that  the  potassium  in 
the  mica  reacts  with  other  fuel  cell  components,  mica-based 
compressive  seals  with  these  alkaline-earth-based  (Ba,  Sr, 
Ca)  micas  can  be  investigated. 


4.  Conclusions 

Alkaline-earth  aluminosilicate  glass-ceramics  are  the 
most  common  sealant  materials  for  SOFCs.  Although  the 
flow  characteristics,  thermal  expansion  behavior  and  crystal¬ 
lization  kinetics  of  these  materials  can  be  controlled  with  the 
glass  composition,  alternative  sealing  approaches  for  over¬ 
coming  the  inherent  brittleness  of  glass-ceramic  materials  are 
being  developed.  The  most  successful  alternative  approaches 
are  based  on  composite  materials,  such  as  using  CuO  to 
improve  the  wettability,  and  thus  adherence,  of  a  silver  braze. 
Multi-phase  ceramic  composite  layers  are  also  successful, 
but  require  an  applied  compressive  load  during  operation  to 
maintain  a  gas-tight  seal. 
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